Abstract Implants designed for enhanced flexion offer the prospect of improved function after total knee replacement (TKR). Whereas most studies evaluating these implants have focused on the range of knee flexion achieved, this study investigated the quality of function in deep knee flexion. The influences of residual pain and maximum flexion angle on function in deep knee flexion were also examined. Eighty-three patients (100 knees) were prospectively followed for 1 year after TKR with a rotatingplatform posterior-stabilized high-flexion prosthesis. Range of motion was measured and Knee Society scores were calculated. A questionnaire evaluated residual knee pain and function in high-flexion activities. Mean Knee Society score was 95, and mean knee flexion was 125°, yet 20% of patients could neither kneel, nor squat, nor sit on their heels. Fifty-seven percent were able to kneel without significant difficulty; 69% were able to squat without significant difficulty; and 46% were able to sit on their heels without significant difficulty. Function in deep flexion correlated with pain scores but did not correlate with knee flexion angles or Knee Society scores. Results 1 year after TKR with a rotating-platform posteriorstabilized high-flexion prosthesis are encouraging, but one in five patients remain significantly limited in highflexion activities.
Introduction
The success and durability of primary total knee replacement (TKR) have encouraged broadening indications, including the use of TKR in patients who are young and active and in those who have significant pain but relatively preserved motion. The inability of traditional prosthetic knees to consistently achieve flexion beyond 115° [1] [2] [3] [4] [5] [6] [7] [8] raises concerns about functional limitations in these more demanding patients. Desire for improved function has encouraged innovation in prosthetic design, resulting in a new generation of "high-flexion" knee replacements. In turn, marketing by surgeons and implant manufacturers has amplified patient demand for these "high-performance" knee replacements.
The majority of studies evaluating high-flexion knee prostheses [9] [10] [11] [12] [13] have focused on measuring the degree of knee flexion obtained, rather than directly evaluating knee function in deep-flexion activities. Although high-flexion designs may improve functional outcomes for some patients [14] , this has not been consistently demonstrated [15] [16] [17] . The availability of these implants may give surgeons and patients false hopes and expectations about the performance of prosthetic knees in high-demand and high-flexion activities. Unmet expectations may ultimately lead to dissatisfaction with the surgical outcome [18] . Furthermore, the RP-F is a new prosthesis with few published results. One-year follow-up is not sufficient to support positive statements of safety and efficacy after TKR, but in light of a recent report of premature failures with another high-flexion prosthesis [19] , an audit for unexpected adverse outcomes with this design seems warranted. Finally, although changes in implant design have focused attention on improving maximum knee flexion, previous studies have questioned the influence of maximum knee flexion angle on function after TKR [20, 21] , implicating a more important role for residual knee pain.
The primary goal of this study was to document the quality of pain relief and function achieved 1 year after TKR using the PFC Sigma RP-F prosthesis (DePuy Orthopedics, Inc., Warsaw, IN, USA), which incorporates a posterior-stabilized, rotating-platform, high-flexion design. Particular attention was given to evaluating function in activities requiring deep knee flexion. The second goal of this study was to investigate the safety and efficacy of this new prosthesis at short-term follow-up using standard Knee Society clinical and radiographic criteria, including range of motion. The third goal of this study was to measure any association between knee function in deep-flexion activities and either knee flexion angle or residual knee pain. The final goal of this study was to determine whether the Knee Society Score [22] , a score that was developed when arthroplasty patients typically presented with lower functional demands, is an appropriate tool for assessing the results of "high-performance" knee replacements. Specifically, we question whether Knee Society scores of 99 or 100 underestimate difficulty of performing demanding recreational or high-flexion activities.
Materials and methods
Approval for this prospective study was granted by the hospital Institutional Review Board. Patients scheduled to have TKR performed by the senior author (CSR) were offered the RP-F prosthesis and invited to participate in the study. Exclusion criteria were severe biplanar deformity, preoperative knee flexion less than 60°, lack of available implants or instrumentation, patient refusal to participate in the study, and inability of the research team to contact the patient prior to surgery. During the study period, the senior author performed primary TKR on 298 patients. One hundred of these patients received the new prosthesis and were enrolled in the study. Only one set of high-flexion instruments was available at our hospital when this implant was initially introduced, so lack of available instrumentation was the most common reason for patient exclusion. Of the 100 patients initially enrolled in the study, ten later declined to fill out study instruments; three lived or moved abroad and did not return for clinical evaluation; and another four were lost to follow-up, leaving 83 subjects (50 female, 33 male) with minimum 1-year clinical and radiographic follow-up. Mean age was 68 years (range 47-84), which was similar to the mean age (69 years) of all patients undergoing TKR in the senior author's practice during the enrollment period. Sixty percent of study patients were female, and 40% were male. This was no different from the gender distribution for patients receiving other TKR implants during the study period. Preoperative diagnosis was degenerative joint disease in all patients. Seventeen patients received bilateral TKR; thus, 100 knees were available for analysis.
The surgical procedure was standardized using a medial parapatellar approach. The soft tissues were handled with care to avoid unnecessary trauma; however, no specific effort was made to limit or monitor the length of the incision. Patellar resurfacing was uniformly performed. Regional anesthesia and periarticular soft tissue injection was used to limit postoperative pain, and a standardized perioperative pain control and physical therapy regimen was utilized [23] .
Clinician assessment of the surgical outcome was performed by an arthroplasty fellow (VS) or an orthopedic physician assistant (JW) during routine clinical examination at minimum 1-year follow-up. Range of motion was measured utilizing a goniometer; maximum passive flexion was recorded, as was any flexion contracture greater than 5°. Knee Society scores [22] were calculated using a standardized form. All complications were noted. These assessments were not formally blinded. Weight-bearing radiographs with careful control of knee rotation were performed on 12 by 18-in. digital cassettes and reviewed for coronal alignment and presence of radiolucent lines [24] by one of two orthopedic trainees (MH, VS) who were blinded to clinical results at the time of radiographic assessment. Alignment was measured using the angle tool on the digital imaging software.
Patients were asked to complete a patient assessment questionnaire (PAQ) [25] at minimum 1-year postoperatively (Fig. 1) . The PAQ was given to patients on the day of clinical assessment. If the PAQ was not returned promptly, a second copy was mailed to the patient and followed up with telephone calls as needed to encourage completion and return of the questionnaire. The PAQ was designed to measure pain, walking ability, function in low-demand activities, function in high-demand activities, function in deep-flexion activities, and overall patient satisfaction. Visual analog pain scores of 0 or 1 were considered no pain; scores of 2 or 3 were considered mild pain; scores of 4-6 were considered moderate pain; scores of 7 or 8 were considered severe pain; and scores of 9 or 10 were considered excruciating pain. Patients who scored their satisfaction 0-4 were considered dissatisfied, whereas those who scored their satisfaction 5-10 were considered satisfied. Formal validation of a modified version of the PAQ is currently underway, but we believe this instrument has high face validity.
To simplify data analysis, a novel composite Hi-Flex Function (HFF) score (see Fig. 2 ) was generated combining the results of PAQ questions regarding kneeling, squatting, and sitting on heels. The minimum score of 3 reflected the inability to perform any of the three activities, whereas the maximum score of 15 reflected the ability to perform all three activities without difficulty. The purpose of this construct was to generate a single variable representing knee function in high-flexion activities, facilitating analysis of parameters that might correlate with function in deep flexion.
Pearson correlations and one-way ANOVA were used to screen for factors potentially associated with HFF score. Multivariate analysis was then utilized to determine the relative importance of these factors. Statistical significance was set a priori at p<0.05.
Results
The PAQ revealed a broad spectrum of patient outcomes, ranging from modest improvement with persistent pain and disability to complete relief of pain with return to impairment-free function in demanding recreational and highflexion activities. Patients reported moderate pain in 16% of operated knees and severe pain in 4% (see Table 1 ). Pain, when present, was most commonly localized to the anterior aspect of the knee, with 8% experiencing moderate anterior knee pain and 2% experiencing severe anterior knee pain. Routine activities of daily living were performed without difficulty by the vast majority of patients (see Table 2 ). High-demand and deep-flexion functions were achieved by many, but residual difficulty with these activities was common. Eighty percent of patients reported participating in one or more demanding recreational activities after TKR (see Table 3 ). Sixty-three percent of patients reported that their prosthetic knee rarely affected performance of these demanding activities, whereas 22% reported that the knee was limiting frequently or always (see Table 4 ). Function in deep flexion (see Table 5 ) was as follows: 57% were able to kneel without significant difficulty; 69% were able to squat without significant difficulty; and 46% were able to sit on their heels without significant difficulty. Nearly 80% of patients were able to perform at least one of these three high-flexion activities without significant difficulty. One year after surgery, the safety and efficacy of the PFC Sigma RP-F prosthesis appeared comparable to previous implants, with no unexpected adverse outcomes or events. Traditional surgeon-derived outcome measures revealed substantial improvements from the preoperative state (see Table 6 ). Preoperatively, 45% of knees flexed beyond 120°, whereas postoperatively 81% flexed beyond 120°and 44% flexed beyond 130°. No patient had a flexion contracture greater than 5°. Mean coronal alignment of the tibial component was 90°(range 87-93°, standard deviation 1.6), and mean coronal alignment of the femur was 5.3°of valgus (range 3-8°of valgus, standard deviation 1.1°). Mean tibiofemoral valgus angle was 5.3°(range 3-7°, standard deviation 1.0°). There were no circumferential or progressive radiolucent lines and no other radiographic signs of compromised fixation. There were two surgical complications. One patient underwent manipulation under anesthesia for arthrofibrosis, obtaining range of motion from 5°of flexion to 105°of further flexion at 1-year follow-up. One patient underwent reoperation for anterior knee pain-no cause was identified at surgery, and the patient reported no amelioration of her symptoms. There were no other reoperations, no infections, and no cases of instability or fixation failure.
ROC-PAQ
Function in deep flexion correlated with visual analog scale (VAS) pain scores, but not with postoperative knee flexion angle. Surprisingly, patients with flexion of 130°or more scored lower on the Hi-Flex Function score than did those with flexion of 120°to 129°(p<0.05), reflecting inferior function in deep-flexion activities (see Table 7 ). Patients with flexion less than 120°also had lower HFF scores than did those with flexion of 120-129°, but this observed difference did not achieve statistical significance (p=0.085). The small number of patients with flexion less than 120°(n=16) diminished the power of this comparison. Multivariate analysis using knee scores, pain, and knee flexion angles as the independent variables revealed that only pain was significantly associated with the HFF score (R=0.41, p<0.0001). The magnitude of correlation between pain and HFF scores was greater in patients with anterior knee pain (−0.48) than in patients without anterior knee pain (−0.22), and the presence of anterior knee pain was associated with a decreased HFF score (6.9 vs 9.1 for those without anterior knee pain, p=0.009).
The Knee Society Score was unable to detect poor function during demanding recreational activities. Of the 36 patients with Knee Society knee scores of 99 or 100 and function scores of 100, seven frequently or always had difficulty with demanding recreational activities; nine had great difficulty kneeling or were unable; eight had great difficulty squatting or were unable; and 12 had great difficulty sitting on their heels or were unable.
Discussion
Advertisements suggest that high-flexion total knee implants will deliver "high-performance" knees, but the functional outcomes of TKR utilizing these devices have not been established. The primary goal of this study was to document the quality of knee function 1 year after a highflexion TKR, with an emphasis on function in deep knee flexion. A secondary goal was to assess outcomes according to the standard clinical and radiographic criteria of the Knee Society. A third goal was to assess the relative effects of residual pain and maximum knee flexion angle on functional outcome. The fourth goal was to assess the sensitivity of Knee Society scores to functional limitations important to high-demand patients. Each activity is graded from 1 to 5 and the score for the three activities is summed. The minimum possible score is three, and the maximum possible score is 15 Drawbacks to the present study include the lack of a comparison group, the exclusion of 17 patients because of incomplete follow-up data, and the short follow-up period. Although 1-year follow-up is insufficient to document the safety and efficacy of a prosthesis, improvements in knee function and motion do plateau by 1 year after TKR [26] . The study duration was therefore adequate to address functional outcomes [12] . A report [19] of early femoral loosening with the NexGen LPS-flex prosthesis (Zimmer, Warsaw, IN, USA) raised concerns about the longevity of high-flexion components-longer follow-up will be necessary to definitively address these concerns. Although the longevity of the PFC sigma RP-F prosthesis will not be established for many years, it was designed to deliver improved wear in those patients who do achieve deep flexion [27] , with the prospect of greater durability if fixation is not compromised. The version of the PAQ utilized for this study did not distinguish between moderatedemand activities like gardening, golf, or gym exercise and very-high-demand activities like jogging and skiing. Nevertheless, our results highlight the fact that patients often have limitations in moderately demanding activities. Patients with severe biplanar deformity or severely limited preoperative motion were excluded from the study. This introduces a selection bias towards the inclusion of high-demand (and possibly high-functioning) patients. Low-demand patients were not formally excluded, so the functional outcomes of truly high-performance patients may exceed the mean outcomes observed. Nonetheless, our results give quantitative information from which patients and surgeons may develop informed expectations about the outcomes that are obtained by patients electing knee replacement surgery with this "high-performance" prosthesis.
Demanding deep-flexion activities were achieved frequently, but not consistently. Fifty-seven percent of patients could kneel without significant difficulty; 69% could squat without significant difficulty; and 46% could sit on their heels without significant difficulty. These findings are in keeping with previous studies of the NexGen LPS-flex [14, 15] and NexGen CR-flex [17] high-flexion prostheses (Zimmer, Warsaw, IN, USA), in which 40% [15] to 46% [17] of patients could kneel and 80% could squat [12] . Although participation in demanding recreational activities was reported by 80% of our patients, 22% reported that their knee frequently or always affected performance of these activities. Nutton et al. [16] utilized electrogoniometry to measure knee flexion angles during functional activities, comparing recipients of the NexGen LPS-flex prosthesis to recipients of the standard NexGen LPS prosthesis (Zimmer, Warsaw, IN, USA). They found no difference between prostheses in active knee flexion and negligible differences in knee flexion during functional activities. The knee flexion angles achieved in the two groups (110°with the LPS-flex and 106°with the standard LPS) are not typical of reports examining modern TKR prostheses and techniques, which may limit the applicability of their findings. It is unclear whether the low flexion angles reported [16] are related to their technique of measurement, surgical technique, rehabilitation protocol, or patient population.
Range of motion was improved compared to our historical experience [3, 10, 25] , with 80% of knees flexing beyond 120°. The mean postoperative knee flexion angle achieved with the PFC sigma RP-F prosthesis was 125°. This corroborates the results of a previous matched-pair study [10] , which demonstrated a design-specific increase in postoperative range of motion with the RP-F implant as compared to the PFC sigma RP implant (DePuy Orthopedics, Inc., Warsaw, IN, USA). To our knowledge, no randomized trial has compared the RP-F prosthesis to the standard RP device. Studies of other "high-flexion" prostheses have not consistently revealed design-specific improvements in range of motion. Two randomized controlled trials [9, 16] comparing the NexGen LPS-flex prosthesis to the standard NexGen LPS prosthesis (Zimmer, Warsaw, IN, USA) found no difference in the range of motion achieved, whereas another randomized trial [11] found a mean of 13°more flexion with the LPS-flex. Similarly, other studies have found a mean of 9-12°more flexion with the LPS-flex [12, 14] . A randomized controlled trial [17] comparing 50 knees with the NexGen CR-flex to 50 knees with the standard NexGen CR (Zimmer, Warsaw, IN, USA) found no improvement in range of motion with the high-flexion cruciate-retaining implants. Similar results were observed in a consecutive case series of 177 knees, with no difference in range of motion between the NexGen CR and CR-flex designs [13] . No differences were found between NexGen CR-flex and LPS-flex prostheses with regards to range of motion or clinical scores [28] . Range of motion did not correlate with patient-reported function in high-flexion activities. This contrasts with the results of Argenson et al. [29] , who found that knee flexion greater than 125°after high-flexion TKR was associated with improved patient-reported outcomes as measured by KOOS subscores. These authors did not specifically evaluate function in deep knee flexion, and we did not utilize the KOOS instrument. This difference in outcome measures could account for the difference in findings, although it is surprising that high knee flexion angles would correlate with improved general patient outcomes as measured by the KOOS but not with improved outcomes in deep-flexion activities. All but 16 of our TKRs achieved flexion of at least 120°. It is possible that our failure to identify an association between range-of-motion and function could be explained by a ceiling effect, with flexion beyond a certain degree having little effect on function. Alternatively, Argenson et al. also used a different rotatingplatform, high-flexion, posterior-stabilized implant (NexGen LPS-Flex Mobile Bearing Knee, Zimmer, Warsaw, IN, USA). It is possible that differences between the two prostheses explain the discordant results. Nevertheless, future studies evaluating flexion after TKR should specifically evaluate function in high-flexion activities rather than focusing on knee flexion angle.
The best function in deep flexion was observed in patients with knee flexion of 120-129°-patients with greater knee flexion had lower mean Hi-Flex Function scores. Ritter et al. [30] observed a similar phenomenon after cruciate-retaining TKR with an older device; patients who achieved 128-132°of motion demonstrated less pain and better functional scores than those with 133-150°of motion. Ritter et al. [30] suggested that inferior clinical outcomes in knees achieving the highest flexion angles could be a spurious result of the small number of knees achieving motion beyond 133°. Our corroborating findings suggest but do not confirm the alternative possibility of a real defect in these knees. Perhaps subtle flexion instability or quadriceps dysfunction may be present in a subset of patients who achieve high knee flexion angles, allowing passive flexion but limiting functional activities. Alternatively, these patients may experience more anterior knee pain, limiting utilization of the motion achieved. Studies combining patient-reported outcomes with objective functional assessment and in vivo kinematic data could advance our understanding of this phenomenon.
Whereas the relationship between HFF score and knee flexion was nonlinear, the relationship between HFF score and VAS pain was clear. Greater residual knee pain, particularly anterior knee pain, was associated with inferior function in high-flexion activities. Previous authors have noted that femoral component design features associated with decreased anterior knee pain have been associated with improved extensor mechanism function in activities requiring knee flexion [31] .
It is reassuring that Knee Society scores were equivalent to those achieved with traditional implant designs, and there was no observed increase in the complication rate at shortterm follow-up. Nevertheless, Knee Society scores did not correlate with patient-reported function in deep flexion. We identified significant functional deficits within the subgroup of patients scoring 99 or 100 on the KSS, suggesting that this scoring system is inadequate for the evaluation of knee replacements designed for high performance. High patient expectations and the inability of the KSS to detect limitations in the performance of demanding activities may account for some portion of the documented discrepancy between surgeon and patient-assessed outcomes after TKR [32] [33] [34] . More rigorous clinician-assessed outcome measures are needed to complement patient-derived outcome scores.
High flexion after total knee replacement is not a guarantee. Even with meticulous surgical technique, excellent component alignment and the use of a high-flexion prosthesis, many patients will not regain the ability to perform deep-flexion activities. Anterior knee pain continues to affect a subset of patients and is associated with inferior function in activities that require deep flexion. Patients with knees flexing beyond 130°do not typically realize functional benefits superior to those achieved by patients flexing at least 120°. With the RP-F high-flexion implant, it appears that function in deep flexion is more likely to be limited by residual pain than by restricted motion. Previous experience [10] suggests that changes in component design can improve range of motion after total knee replacement. Future efforts to improve implant design or surgical technique may focus on reducing anterior knee pain to facilitate utilization of the full range of flexion achieved.
